Featured Application: In this paper, the galvanometer scanner with infrared fringe projection is introduced for structured light 3D shape metrology. The proposed system has the characteristics of high-speed projection, low-cost, small-size, infrared or visible illumination, and non-contact. It can be used in 3D shape measurement and machine vision inspection. Especially in the field of 3D face recognition, there are a lot of potential applications.
Introduction
Three-dimensional (3D) face measurement has been widely employed in 3D-aided face recognition to overcome the effects of pose, expression, and illumination variations in facial images with great potential in many applications [1] . Dense and accurate 3D point cloud data of a human face can be obtained by fringe projection profilometry (FPP) approaches [2] , which have proven to be one of the most promising techniques [3] [4] [5] [6] [7] in 3D measurement, and the scanning result is more realistic and accurate than the multi-view images method [8] .
Various methods based on projecting different kinds of structured light patterns have been developed and used for face 3D measurement. PS. Huang et al. [9] measured a human face by removing the colour filter of a digital light processing (DLP) projector. In this case, the three sinusoidal fringe patterns with a 120-deg phase shift between neighbouring channels can be compressed to the red, green and blue channels of a one-colour image, and this allows very fast phase-shifted fringe pattern acquisition. Zhang et al. [10] [11] [12] used different numbers of encoded 1-bit binary dithered patterns or just defocus binary fringes to realize fast 3D surface measurements and a good result was obtained under laboratory conditions. In these works, the performance of TI's digital micro-mirror device (DMD) projector with high-speed binary images projection was fully developed. Zhao et al. [13] presented a four-step triangular pattern phase-shifting 3D measurement using the motion blur method to measure the moving hand and were able to record 3D data in real time. Zuo et al. [14] used bi-frequency tripolar pulse-width-modulation fringe projection to realize a high-speed three-dimensional shape measurement technique for dynamic scenes; the tripolar pulse-width-modulation technique is employed to generate ideal fringe patterns with a slight defocus. In Reference [15] , a novel method of properly optimizing sinusoidal pulse width modulation patterns according to some criteria to further improve the defocusing technique was proposed. Wang [16] proposed a binarized dual phase-shifting approach to improve the phase quality, which can realize error reduction for the binary defocusing technique while maintaining its advantage of 1-bit projection with high-speed. Flores et al. [17] proposed a method to solve the problem of gamma nonlinearity in triangular-pattern phase-shifting profilometry by using synthesizing triangular intensity fringes. All of the above methods modify the DLP projector based on the characteristics of 1-bit fast projection. However, Projector modification is very difficult and the equipment cost is high.
Su and Zhang [18] reviewed some dynamic 3D measurement methods based on Fast Fourier Transform (FFT) fringe analysis with 2-D grating pattern projection and measured a 3D face, however, this method is sensitive to light and the environment for face 3D measurements. Zhang et al. [19] measured a vibrating Chinese drum and dynamic vortex shape in real-time using the Fast Fourier Transform. Except to use the phase information of fringe projection to encode the object surface, some other methods of labelling the object surface by random statistical patterns were proposed. Xue et al. [20] also proposed a method to improve the measurement accuracy by using one colour speckle projection as a set of speckle, but the colour crosstalk increases the instability of the measurement results.
In order to achieve high precision and robust 3D measurement required by 3D face recognition, An et al. [21] presented a phase unwrapping method with pixel-by-pixel based geometric constraints of the structured light system without requiring additional cameras. This has the advantage of taking high-speed measurements without increasing the system complexity or cost. Yang et al. [22] proposed to revise the FPP approaches by combining one code pattern and the geometric constraints in fringe projection to reduce the projection number of grey patterns with a low frame rate projector.
To implement 3D face measurements with an FPP first approach is to project patterns with infrared or near-infrared projection, which can minimize interference to the human eye and avoid discomfort. Then, the projection should be as fast as possible and as few as possible, which can make the imaging process less sensitive to the motion of moving surfaces. Finally, the cost of the projection hardware should be minimized to reduce the cost of the final products and improve its market application.
For example, the successful application of three-dimensional measurement technologies from Microsoft Kinect, Intel RealSense, and Apple iPhone X propels the application development and simultaneously drives the need for better 3D imaging technologies [23] , especially for high-precision 3D data measurements for 3D face recognition.
In this research, a galvanometer scanner (labelled as MEMS) device of micro-vibration mirror for sinusoidal laser scanning is used. This device is made by xiaoU technology Co., Ltd. of Qingdao China, and the model of the device is UFGKH0A1IR01. It has one scanning axis with a 32 kHz frequency and an 830 nm laser. In this system, the laser beam is used in combination with a cylindrical mirror to form the scanning line. In principle, the projection speed of the sinusoidal fringes can be up to 32 kHz. However, due to the optical setup, the light intensity is too low to perform any measurement at full speed. Therefore, the fastest scanning speed of the MEMS is 500 fps. This MEMS, with an infrared laser scanning cost less than 100 USD, does not interfere with the human eye and meets the needs of 3D face recognition for measurement accuracy and speed. With an IDS 3250 camera (manufactured by IDS Imaging Development Systems GmbH in Obersulm, Germany), a system that can achieve 3D face acquisition at 8 Hz rate with good quality when using a three-step phase-shifting algorithm is developed successfully. The FPP methods of the multi-frequency (hierarchical) method [24] and multi-wavelength (heterodyne) method [25, 26] are investigated and compared in detail both analytically and experimentally. At the same time, the measurement accuracy based on the MEMS applied projector and the traditional DLP projector is compared. This setup demonstrates the fast 3D shape measurements of a real human face.
The paper is organized as follows. The basic principles of fringe projection and the phase-shifting approach of the multi-frequency method and multi-wavelength method are explained in Section 2. Section 3 presents the experimental verifications with different samples such as plane models and human face. Section 4 discusses this setup and the applications. Finally, conclusions are drawn in Section 5.
Principles

The Principle of Fringe Projection Profilometry
A typical FPP system consists of a camera and a projector, as illustrated in Figure 1 . The 3D shape can be measured using the principles of triangulation with the matching computation for the correspondence among A, B, and C. The FPP approach is basically to encode the relationship of A, B and C by using the phase-shifting profilometry, which also acquires the highest measurement accuracy with a high resolution since it works in good conditions of illumination and surface reflection [2] .
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Principles
The Principle of Fringe Projection Profilometry
A typical FPP system consists of a camera and a projector, as illustrated in Figure 1 . The 3D shape can be measured using the principles of triangulation with the matching computation for the correspondence among A, B, and C. The FPP approach is basically to encode the relationship of A, B and C by using the phase-shifting profilometry, which also acquires the highest measurement accuracy with a high resolution since it works in good conditions of illumination and surface reflection [2] . A sequence of fringes is projected onto an object surface by a projector and then the modulated images are captured by the camera; the modulated fringe images can be represented as
where n = 0,1,2, …, N -1, ( , ) I x y ′ is the average intensity, N is a step of phase shift, ( , ) I x y ′′ is the intensity modulation, and ( , ) x y φ is the phase function. In Reference [27] , the wrapped phase map can be solved by A sequence of fringes is projected onto an object surface by a projector and then the modulated images are captured by the camera; the modulated fringe images can be represented as
where n = 0, 1, 2, . . . , N − 1, I (x, y) is the average intensity, N is a step of phase shift, I (x, y) is the intensity modulation, and φ(x, y) is the phase function. In Reference [27] , the wrapped phase map can be solved by
Typically, in the phase-shifting process, N is chosen to be as high as possible to improve the three-dimensional measurement accuracy. For fast 3D measurements, a three-step (i.e., N = 3) phase-shifting algorithm is used for the FPP. The phase provided from Equation (2) is wrapped in the range from −π to π, so a phase unwrapping algorithm has to be adapted to obtain a continuous phase map by removing 2π discontinuities. Mathematically, the relationship between the unwrapped phase Φ(x, y) and wrapped phase φ(x, y) can be described as
The key is to determine the variable k(x, y) of the absolute fringe order. Here, the order k(x, y) is an integer number which can be calculated pixel-by-pixel from a set of fringe patterns with different frequencies with a certain regularity and such methods are shown in subsequently.
Algorithms of Temporal Phase Unwrapping
For the two different frequencies phase map, the wrapped phase maps are φ l and φ h , the corresponded unwrapping phase maps are Φ l and Φ h , and the corresponding frequencies are f l and f h , respectively. The fringe period T express as frequency f is T = 1/ f . The subscripts l and h represent low-frequency and high-frequency, respectively. Obviously, the relationship between the unwrapped phase and the wrapped phase can be written as
where the k l and k h are the integer fringe orders, respectively. It is easy to prove that the high-frequency phase order k h can be calculated by the low-frequency phase order k l as the following relationship
where NINT is the calculation of the closest integer value. Once one fringe pattern is projected and covers the high-frequency fringe, the unwrapping phase of low-frequency Φ l must be required as Φ l = φ l . This means the unwrapping phase of a high-frequency can be determined from Equation (4) and Equation (5) as illustrated in Figure 2 . This approach is also called multi-frequency temporal phase unwrapping.
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where NINT is the calculation of the closest integer value. Once one fringe pattern is projected and covers the high-frequency fringe, the unwrapping phase of low-frequency Φl must be required as
This means the unwrapping phase of a high-frequency can be determined from Equation (4) and Equation (5) as illustrated in Figure 2 . This approach is also called multi-frequency temporal phase unwrapping. The multi-wavelength temporal phase unwrapping approach means the use of fringe projection with different wavelengths. Since the reference phase is also calculated by the two different wrapped phase maps as
The equivalent fringe period T eq can be described as
Very obviously, the high-frequency fringe order of k h can be referred in Equation (5) as
If the frequency difference between the high and low frequencies is one, the equivalent phase φ eq must be one fringe period as described in multi-frequency temporal phase unwrapping Φ eq = φ eq ; see Figure 3 . The unwrapping phase of high-frequency can be determined from Equations (6) and (8) . The phase unwrapping process is shown in Figure 2 . This approach is also called multi-wavelength temporal phase unwrapping.
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Experiments
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The distance between the plane marble surface and the camera ranged from 555 mm to 635 mm with a step size of 20 mm. On each position, the sinusoidal fringe patterns are projected onto the sample and modulate the surface, then the captured images are used to retrieve the absolute phase map (see Section 2.2) by a four-step phase-shifting method and temporal phase unwrapping algorithm.
One of the captured fringe images is shown in Figure 6a . Combined with the structured light system calibration parameters, the plane 3D data can be reconstructed.
light system calibration parameters, the plane 3D data can be reconstructed.
Taking the measurement data of the first position as an example, the 3D plane data are reconstructed by using the methods of hierarchical and heterodyne as shown in Figure 6b ,c, respectively. The comparisons are performed using the same cross-section of the 3D data, which is shown in Figure 6b ,c with the black and red lines, respectively. In order better to see the error distribution, the 3D data of the two lines with the subtraction of their respective fitting line is presented. It can be seen that the measurement results using the method of heterodyne are slightly better than the method of hierarchical, as shown in Figure 6d . However, both datasets have a small curvature, which will be explained in the next section. The reconstructed 3D point cloud of the plane marble surface is fitted by a standard plane. The distances between the 3D points and this standard plane are calculated as plane measurement errors for the measurement accuracy evaluation. Figure 6e shows the measurement errors of the plane plate from Figure 6b . The measurement accuracy of the plane at five positions is shown in Table 1 . These measurement results demonstrate that the FPP method implemented on this experimental scheme is capable to achieve an accuracy with a 0.2 mm standard deviation. The measurement error using the heterodyne method is smaller than the hierarchical method, so the heterodyne method will be chosen as the temporal phase unwrapping method in this structured light system in the following measurements. Taking the measurement data of the first position as an example, the 3D plane data are reconstructed by using the methods of hierarchical and heterodyne as shown in Figure 6b ,c, respectively. The comparisons are performed using the same cross-section of the 3D data, which is shown in Figure 6b ,c with the black and red lines, respectively. In order better to see the error distribution, the 3D data of the two lines with the subtraction of their respective fitting line is presented. It can be seen that the measurement results using the method of heterodyne are slightly better than the method of hierarchical, as shown in Figure 6d . However, both datasets have a small curvature, which will be explained in the next section.
The reconstructed 3D point cloud of the plane marble surface is fitted by a standard plane. The distances between the 3D points and this standard plane are calculated as plane measurement errors for the measurement accuracy evaluation. Figure 6e shows the measurement errors of the plane plate from Figure 6b . The measurement accuracy of the plane at five positions is shown in Table 1 . These measurement results demonstrate that the FPP method implemented on this experimental scheme is capable to achieve an accuracy with a 0.2 mm standard deviation. The measurement error using the heterodyne method is smaller than the hierarchical method, so the heterodyne method will be chosen as the temporal phase unwrapping method in this structured light system in the following measurements. 
Quantitative Evaluation of Heterodyne Method Based on MEMS Projector
For further quantitative evaluation, a standard ball (model G-BALL25.4, produced by the company of CALIB OPTICS, Shenzhen, China) with an absolute diameter of 25.3988 mm to see the performance of this MEMS projector system using a heterodyne method is measured. The ball is shown in Figure 7a . The ball was placed at ten different positions respectively and then scanned by this proposed system. The placement of the ball in the space is shown in Figure 7b . The distance between the front and back planes is 30 mm. At each position, a 3D shape measurement was performed and the measuring accuracy was analyzed by calculating the absolute error between the fitting diameter of the measured data and its true value. The spherical diameter was fitted using Geomagic Studio ® 2013, which was made by Geomagic, Inc., Morrisville, NC, USA. Figure 7c shows one of measured 3D shape in the first position. The measurement accuracy of the ball at the ten different positions is shown in Table 2 . It can be seen that for the ball the maximum absolute error is 0.172 mm, the minimum absolute error is 0.027 mm.
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To further visualize the difference between the 3D shape using this proposed MEMS and the DLP method, the same cross-section of two 3D mask geometry shown in Figure 8c ,d are plotted in Figure 8e ,f (purple and red lines, respectively). The standard deviation and mean error of the crosssection were calculated using Matlab ® with the version of 2015, which was made by Mathworks, USA. Figure 8e is a comparison of small-scale cross-section data from the mask head, it can be noticed that the MEMS measurement error is larger than DLP. The mean error of small cross-section difference is 0.06 mm and the standard deviation is 0.07 mm. Figure 8f shows that the mean error of larger cross-section difference is 0.15 mm and the standard deviation is 0.19 mm. From this figure, it can be seen that the two methods give very similar results. This demonstrates that the 3D data 
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Measurement Results of Real Human Faces
The measurements to further verify that this proposed structured light system can work well for real human faces were performed. Figure 9 shows the 3D measurement results of two real people faces. One of the captured fringe patterns for each measurement is shown in Figure 9a and Figure 9c . Figure 9b,d show, respectively, the 3D shape of the first face measurement and the second face measurement results in a front view.
Because of the influence of face skin colour and reflectivity, the surface quality of the facial reconstruction is slightly worse than the face mask reconstruction, especially in terms of noise and smoothing. In any case, the method provides enough face data for three-dimensional face shape reconstruction, which can be improved by adjusting optical parameters and also by using anti-glare spays. 
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advantageously applied for face scanning instead of the DLP projection method. 
Because of the influence of face skin colour and reflectivity, the surface quality of the facial reconstruction is slightly worse than the face mask reconstruction, especially in terms of noise and smoothing. In any case, the method provides enough face data for three-dimensional face shape reconstruction, which can be improved by adjusting optical parameters and also by using anti-glare spays. Because of the influence of face skin colour and reflectivity, the surface quality of the facial reconstruction is slightly worse than the face mask reconstruction, especially in terms of noise and smoothing. In any case, the method provides enough face data for three-dimensional face shape reconstruction, which can be improved by adjusting optical parameters and also by using anti-glare spays.
Discussion
Compared with the DLP fringe projection, the 3D data measured using this proposed MEMS galvanometer has fringe-like errors (Figure 6 ). The error may be caused by the inaccuracy of the fringe boundary corresponding to the high-frequency phase. The closer the scanning boundary is, the greater the error will be, as shown in Figure 6d .
When the phase-shifted fringes are projected with DLP projector The DMD chip contains numerous micro-mirrors, each of which is projected as one pixel. Projection fringe pattern is generated by a computer according to the equal period of pixels. As shown in Figure 10a , when the focal length f of the projector and the distance z between the projector and the object are fixed, the ratio between d 1 and d 2 is equal to that between x 1 and x 2 . Because the pixel spacing is equal, as long as the high-frequency fringes are integer times of the low-frequency fringes on the DMD, the fringe boundary of the measured object surface is also aligned, as shown in Figure 10b . In this case, the corrected unwrapping phase can be obtained. 
When the phase-shifted fringes are projected with DLP projector The DMD chip contains numerous micro-mirrors, each of which is projected as one pixel. Projection fringe pattern is generated by a computer according to the equal period of pixels. As shown in Figure 10a , when the focal length f of the projector and the distance z between the projector and the object are fixed, the ratio between d1 and d2 is equal to that between x1 and x2. Because the pixel spacing is equal, as long as the high-frequency fringes are integer times of the low-frequency fringes on the DMD, the fringe boundary of the measured object surface is also aligned, as shown in Figure 10b . In this case, the corrected unwrapping phase can be obtained. The period of projection fringes is determined by the number of pixels in the DMD, but the period can only be controlled by the scanning angle of the MEMS, as shown in Figure 5c .
If the range of scanning angle is divided equally to generate the fringe with different periods pattern, the width of one fringe which is projected to the object surface must be different for different scanning angles θ. Figure 11a illustrates that the tangent values are not linear when from -30 degrees to 0 degrees and from 0 degrees to 30 degrees, and the derivatives in different scanning angles is different (Figure 11b) . Therefore, the equal interval scanning angle as a period to produce fringes pattern will cause the misalignment in boundaries of the fringes between the low-frequency pattern and the high-frequency pattern. That will inevitably lead to an inaccurate phase unwrapping of the fringe boundary. In the next work, how to achieve non-equiangular calibration will be focused on. The period of projection fringes is determined by the number of pixels in the DMD, but the period can only be controlled by the scanning angle of the MEMS, as shown in Figure 5c .
If the range of scanning angle is divided equally to generate the fringe with different periods pattern, the width of one fringe which is projected to the object surface must be different for different scanning angles θ. Figure 11a illustrates that the tangent values are not linear when from −30 degrees to 0 degrees and from 0 degrees to 30 degrees, and the derivatives in different scanning angles is different (Figure 11b) . Therefore, the equal interval scanning angle as a period to produce fringes pattern will cause the misalignment in boundaries of the fringes between the low-frequency pattern and the high-frequency pattern. That will inevitably lead to an inaccurate phase unwrapping of the fringe boundary. In the next work, how to achieve non-equiangular calibration will be focused on. 
Conclusions
This paper presents a novel structured light projection method for three-dimensional shape measurements using MEMS to realize the scanning of phase-shifted fringe projection. This developed system achieved 8 Hz 3D face shape measurement limited by the used camera. The experiments demonstrate how 3D measurement could be performed using a MEMS infrared scanning device as a projector. The measurement results of the standard plane and ball samples show that the accuracy is better than 0.2 mm. Face mask experiment demonstrated the success of this proposed method and have been compared with the data obtained by an expensive DLP projector. Real human face measurements also prove that it can be applied in the field of face recognition, where rapid 3D shape measurements are required. We expect that this work can help improve the field of 3D scanning application by developing a low cost and simple solution. For the future work, the calibration of the MEMS to obtain an equal length of the scanning fringes will be investigated. 
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